ABSTRACT Resonant frequency and impedance matching have great significance for the vibration performance and online monitoring of the rotary ultrasonic machining. Network compensation is a typical solution to match the resonant frequency and the impedance between the rotary ultrasonic holder (RUH) and the ultrasonic transducer. However, the traditional bilateral compensation method could adversely affect the rotary dynamic balance of the RUH. Currently, the existing unilateral compensation methods can only realize the resonant frequency matching. A novel unilateral compensation method that satisfies both the resonant frequency and the impedance matching is proposed. First, the impedance model of the RUH vibrating system is established according to its equivalent circuit. It is found that, without any compensation methods, the resonant frequency and the impedance between the RUH and the transducer have deviated. Second, the primary-series and primary-parallel compensation topologies are applied to the RUH system, and the expressions of compensation capacitance value, voltage gain, power transfer efficiency, and output active power are derived. The deviations of the resonant frequency and the impedance are eliminated with primaryseries compensation topology; and as a result, the voltage gain is increased from 0.267 to 0.90, the output active power is 11.3 times than that without compensation. Third, the state-space model of primary-series topology is constructed. Finally, the above theoretical results are verified by the experimental results.
I. INTRODUCTION
Hard and brittle materials, with the advantages of high hardness, incompressibility, wear resistance and low density, have been widely applied to automobile, medical devices and aerospace equipment. These typical materials include quartz, ferrite, industrial diamond, SiC, and advanced ceramics etc. [1] , [2] . Unfortunately, due to their high hardness and brittleness, conventional machining methods such as diamond abrasive grinding cannot process them efficiently.
Many untraditional machining methods, including abrasive
The associate editor coordinating the review of this manuscript and approving it for publication was Yingxiang Liu. water jet machining, laser beam machining, and rotary ultrasonic machining (RUM) are invented to improve the machining efficiency [2] . Currently, RUM has become one of the dominant technologies for machining hard-brittle materials, because it not only reduces cutting force, improves surface quality and reduces tool wear, but also increases machining efficiency [3] - [6] .
The RUH vibrating system in RUM consists of an electrical power driver, a pair of contactless rotary transformer and an ultrasonic piezoelectric transducer. The electrical power driver is a key electronic module, which provides high-power voltage, automatic resonant frequency tracking ability and online machining process monitoring ability. The contactless rotary transformer is an electromagnetic induction component composed of a static primary side and a dynamic secondary side, where the electric energy can be transmitted from the electric driver to the secondary side through the airgap by the mutual inductance. The ultrasonic transducer is an actuator component that converts AC electric power into mechanical vibration to accelerate the removal of the hard and brittle materials [7] , [8] . Generally, the output amplitude of ultrasonic transducer varies drastically with the driving frequency, and the maximum vibration amplitude can be achieved when it operates at the mechanical resonant frequency [9] . Therefore, the resonant frequency of the RUH should match with that of the transducer. Furthermore, since the RUH vibrating system is sensitive to the machining force, the machining process can be monitored by the impedance or electric current of the RUH and transducer. As a result, resonant frequency and impedance matching of the RUH vibrating system are the current emphasis to investigate.
The optimizations of RUH vibrating system to improve the vibration performance have drawn interests and attention from many researchers [10] - [12] . The sufficient output power capability of rotary transformers is crucial to ensure the transducer to vibrate efficiently. Brotis et al. [13] proposed the LLCC-filter to enable the proper and robust operation of the rotary machining system. Zhu et al. [14] , [15] presented the mathematical models to calculate bilateral compensation capacitance values, and proved that the compensation topology can improve the power transfer efficiency. Although above literatures have improved the output power capability of the contactless transformer, they are bilateral optimization structure. That is to say, the compensation method has to be applied in both the primary and secondary side. However, the secondary compensation element needs to be mounted in the very compact RUH mechanical structure, which is difficult to realize. Moreover, when the dynamic part of RUH rotates with high speed, a large centrifugal force will be generated, which would not only be a great challenge for the stable installation of the compensation elements in secondary side but also troubles the rotary dynamic balance of RUH vibrating system. In order to solve the problems of the bilateral compensation, some effective solutions are proposed. J. Imaoka investigated primary side series-parallel combined resonant circuit with asymmetric rotary transformers used for the ultrasonic spindle drive. The proposed method contributes to reduce the voltage drop caused by the leakage inductances and improves the primary side power factor even if the resonance parameter has the error or the frequency of input voltage changes in wide frequency ranges [16] , [17] . Liu et al. [18] proposed a primary compensation method to match the power supply's internal impedance and get high transfer efficiency by optimizing the coils ratio. Jiang et al. investigated the self-compensation theory that can overcome the shortcomings of bilateral compensation. The secondary leakage inductance of the rotary transformers can be compensated by static capacitance of the transducer [19] .
At present, various unilateral compensation methods are proposed, however, the impedance matching of RUH with the transducer has not been mentioned yet. The impedance mismatch could cause that the machining process cannot be accurately online monitored by the RUH's impedance. A novel primary side compensation method to achieve both the resonant frequency and impedance matching between the RUH and ultrasonic transducer is proposed in this paper to get same electrical performance as the conventional contact type structure such as electrical brush or slip ring system. This paper is organized as follows: In Section II, the equivalent circuit of RUH is established to analyze its impedance characteristics. In Section III, the primary series compensation topology is proposed to improve the voltage gain and the output active power capability of the RUH vibrating system. The impedance matching method is applied to RUH vibrating system. In addition, the state-space matrixes are calculated to analyze the voltage response of RUH vibrating system. Section IV presents the experiment verification for the proposed compensation method. Conclusions are presented in Section V. Fig. 1 shows a schematic of the RUH vibrating system, which mainly consists of the power supply, rotary transformer and ultrasonic transducer. The power supply includes the microprocessor, the direct digital synthesizer (DDS) model, a highpower amplifier, the signal sample circuit and compensation elements. A pair of rotary transformers are constructed by winding the copper coils into a ferrite pot core. The primary side and the secondary side are concentrically facing each other. The epoxy resin material is applied to fix copper coils. The magnetic flux provides a mutual inductance that couples ultrasonic energy from the primary to secondary through the air gap. The secondary side and the transducer form the dynamic part of RUH, which rotates with the spindle. The ultrasonic transducer is composed of piezoelectric ceramic stacks, horn, front and back slabs, clamping nut and machining tool. The piezoelectric ceramic stack is a certain material that converts electric power into the mechanical vibration. The vibration amplitude is amplified by the horn. Typically, there are two vibration modes, longitudinal and torsional vibration, which are transferred to machining tool for drilling and grinding [20] , [21] . The RUH vibrating system is sensitive to the process force. When the machining tool bumps against a barrier that is difficult to cut, the RUM control system can automatically adjust the feed rate and vibration amplitude of the RUH by the impedance monitoring subsystem to avoid the damage of the RUM system and the processed subject.
II. IMPEDANCE MODELLING A. MECHANICAL STRUCTURE OF RUM
The impedance model of the RUH is established by the equivalent circuit [22] , [23] . Where C 0 is static capacitance, L 1 is dynamic inductance, C 1 is dynamic capacitance and R 1 is dynamic resistance of ultrasonic transducer. R L represents the external equivalent mechanical load. The equivalent circuit of contactless rotary transformer has two types of models, which are the mutual inductance model and leakage inductance model [14] , [22] . Using leakage inductance model is easy to obtain the voltage and current response of secondary side, so the leakage inductance model is adopted to analyze the overall behavior of RUH vibrating system.
Based on Thevenin's theory, the impedance, phase and their equivalent parameters of RUH vibrating system can be deduced and summarized in Table 1 .
When the ultrasonic transducer operates at the resonant frequency f t , θ t (ω) = 0, X t (ω) = 0, and Z t (ω) reaches to the lowest value. The resonant frequency f t is the operating frequency of the RUH vibrating system in this study. 
B. FREQUENCY AND IMPEDANCE DEVIATIONS
The electrical parameters of rotary transformer and transducer are measured by an impedance analyzer. The results are listed in Table 2 and displayed in Fig.2 . Fig.2 shows the self-inductance value, leakage inductance and equivalent series resistance (ESR) of contactless rotary transformer (coil turns n 1 = n 2 = 50) by the impedance analyzer testing. The results show that as the air gap length increases from 0 to 2 mm, the self-inductance and ESR decrease exponentially. The value of leakage inductance linearly goes up as the air-gap length increases.
The frequency and impedance of the RUH and the ultrasonic transducer are shown in Fig.3 , which indicates that there exists resonant frequency and impedance deviations between the RUH and the transducer. Moreover, it is observed that when the air-gap length varies, the resonant frequency and impedance deviations still exist. These deviations would cause the RUH vibrates at non-resonant frequency, and the impedance of transducer cannot be detected accurately by the input impedance of the RUH vibrating system.
III. UNILATERAL COMPENSATION IN PRIMARY SIDE A. UNILATERAL COMPENSATION IN PRIMARY SIDE
To compensate the frequency and impedance deviations between the RUH and transducer, two typical unilateral topologies (Primary-Series (P-S) topology and PrimaryParallel (P-P) topology), shown in Fig. 4 are studied in this paper.
The impedance and phase expressions of RUH with P-S and P-P topologies are deduced and summarized in Table 3 .
When no compensation (NC) is utilized, the real part and imaginary part of RUH at f t are NC :
where ω t = 2πf t . When the P-S compensation topology is applied, the real part and imaginary part of RUH at f t are calculated as P-S :
Similarly, with P-P topology, the real part and imaginary part of RUH's impedance at f t are P-P :
When X p-s p (ω t ) = 0, the series capacitance value is When X p-p p (ω t ) = 0, the parallel capacitance value is
The expressions of voltage gain, power transfer efficiency and output active power of RUH with NC, P-S and P-P compensation topologies are deduced and summarized in Table 4 .
B. VOLTAGE GAIN AND TRANSFER EFFICIENCY
Based on the parameters in Table 2 , (4), (5) and the Table 4 , the voltage gains of RUH vibrating system with the NC, P-S and P-P topologies are calculated and shown in Fig.5 . It is found that when the RUH is without any VOLUME 7, 2019 compensation elements, the voltage gain of the rotary transformer is much smaller than 1. When the P-S topology is applied to the RUH vibrating system, the voltage gain increases with the augment of air-gap length in a certain range. However, the P-P topology barely improves the voltage gain of RUH vibrating system.
In Fig. 6 , it shows that by adjusting the air-gap length, only with P-S topology the impedance of RUH can match with the impedance of the transducer (the intersection appears when the air-gap length is 0.8mm). When the air-gap length is 0.8mm, the self-inductance, leakage inductance and ESR of contactless rotary transformer are 8.40mH, 0.832mH and 8.3 , respectively. The compensation result with 0.8mm air-gap is verified and visualized in Fig.7 . It is found that although the resonant frequency deviation can be eliminated by the P-S and P-P topologies at resonant frequency f t , the impedance of RUH can only be matched with the one of the transducer by P-S topology. Based on above analysis, the P-S topology is chosen as the compensation topology for the RUH vibrating system in our study.
The voltage gain and output active power of the RUH vibrating system with NC and P-S topologies in frequency sweeping are shown in Fig.8 . It is observed that compared with NC topology the P-S topology improves voltage gain from 0.267 to 0.90 at f t = 25076 Hz. Moreover, it is found that the voltage gain with P-S topology is more stable than the voltage gain without compensation topology during frequency sweeping. To analyze the output active power capability, the input effective voltage is set as 1V, the output active powers of two topologies are calculated according to equations in Table 4 . The result is shown in Fig. 8 (b) and it is found that the output active power with P-S topology is 11.3 times than the one without any compensation.
Mechanical load is an important factor affecting the dynamics of the RUH vibrating system. The voltage gain, output active power and power transfer efficiency with different mechanical load are shown in Fig.9 . It is observed that the voltage gain and output active power with P-S compensation is always greater than the one with NC topology when mechanical load changes. The output active powers of NC and P-S topologies decrease exponentially as the load increases ( Fig. 9(b) ). The power transfer efficiency reaches to its maximum value 95.85% with 800 mechanical load in Fig.9 (c) . It is found that the power transfer efficiencies of NC and P-S topologies are identical with different mechanical loads.
C. RESPONSE ANALYSIS
In this paper, the frequency and impedance deviations of RUH vibrating system are compensated by the P-S topology. The state-space equation of RUH vibrating system iṡ
where the output y = [V s (t), I s (t)] T , the u = V p (t) = 1×sin(2πf t ), and the coefficient and input matrix are listed in Table 5 . In Table 5 , V C P (t) is the voltage of C p . I p (t) and I s (t) are the input currents of the RUH and the ultrasonic transducer, respectively. I m (t) is the current of L m , V s (t) is the voltage of the ultrasonic transducer. I L 1 (t) is the current of equivalent dynamic inductance and V C 1 (t) is the voltage of equivalent dynamic capacitance.
The output voltage response of RUH vibrating system is shown in Fig.10 . The output voltage of the RUH without any compensations oscillates at initial 15ms ( Fig.10 (a) ). However, the output voltage of RUH with P-S topology is stable and can achieve greater value than that of NC topology VOLUME 7, 2019 at initialization time ( Fig.10 (b) ). Fig.10 (c) demonstrates the output current trajectory when the system is in initialization period. The current of the ultrasonic transducer without any compensations is lower than that with the compensation elements at steady-state. It indicates that the RUH vibrating system with P-S compensation can transmit more active power from the primary side to secondary side of RUH vibrating system.
IV. EXPERIMENT
In Fig.11 , an experimental platform is built to verify the impedance model of RUH, and the performance of the proposed compensation method. A self-developed RUH and ultrasonic power supply are utilized to evaluate the voltage response with and without compensation elements. Frequency and impedance characteristics of RUH and ultrasonic transducer, and the equivalent parameters of contactless rotary transformer are measured by an impedance analyzer (Agilent Model 4294A). All the data is sampled by a digital oscilloscope (ZDS1104).
A. CHARACTERISTICS OF ROTARY TRANSFORMER
The spindle rotary speed has no influence on the compensation performance and stability of the RUH according to [19] . Since the coils of the primary and secondary sides are not wound on the same magnetic core, the electrical characteristics of contactless rotary transformers are sensitive to the length of the air gap. As shown in Fig. 2 , when the air gap length gets smaller, the self-inductance value and ESRs of the contactless rotary transformer become larger. Its characteristics are quite different from those of the strongly coupled transformer, which the primary and the secondary side coils are concentrically overlapped around the same magnetic core. The ESRs of the tightly inductive-coupled transformer are quite small and they can be neglected, however, the ESRs of contactless rotary transformers need to be considered to solve the impedance matching problem in this study.
B. FREQUENCY AND IMPEDANCE MEASUREMENT
The impedance and frequency of RUH vibrating system measured in the experiment are shown in Fig.12 . It is found that there exists the deviations of the resonant frequency and impedance when the RUH vibrating system is without any compensations. While the deviations are eliminated and the resonant frequency is matched well after the P-S topology is applied. The input impedance reaches to 78 . The RUH's impedance is compensated by the compensation capacitors at the 0.8mm air-gap. The compensation details are listed in Table 6 .
C. THE VOLTAGE TESTING
The voltage responses of the RUH vibrating system with NC and P-S topologies are shown in Fig.13 . The input voltage is V p = 1V. With P-S topology, the output voltage response of the RUH rapidly reaches steady-state, but the output voltage without any compensations oscillates in initial time. With the same input voltage, the output voltage with P-S topology can increase from 0.27V to 0.90V during steady-state.
D. THE LOAD TESTING
To verify the monitoring performance with different loads, a group of experiments are conducted to test the input impedance of the RUH at different machining force (F e ) FIGURE 14. Impedances of the RUH and the transducer with the different force.
in Fig.14 . The force is pushed vertically to the machining tool, and quantified by a digital force device (model JL-DT01). It is observed that the input impedance of RUH with P-S compensation increases linearly with external force and has a better impedance follow-up trend with the transducer compared to NC topology. It means that the impedance matching between the RUH and the transducer is beneficial to monitor the impedance of the transducer and the machining process in the RUM.
V. CONCLUSIONS
This paper proposes a novel unilateral compensation method to eliminate the resonant frequency and impedance deviations in the RUM. This proposed method is easy to implement and maintain in the industry application. The conclusions are drawn as follows:
1) Due to the leakage inductance and ESRs of the contactless rotary transformer, the resonance frequency of the RUH deviates from the ultrasonic transducer, which causes the RUH vibrating system to be unstable and with low output power.
2) The P-S and P-P compensation topologies are applied and analyzed. It is found that with P-S unilateral compensation method the output voltage responses quickly, the voltage gain increases from 0.267 to 0.90, and the output active power is enhanced by 11.3 times compared to the one without any compensation methods.
3) The voltage gain, output active power and input impedance of the RUH vary with the length of the air-gap of rotary transformer. By adjusting the length of the airgap, the input impedance of RUH with P-S unilateral compensation can match with the impedance of the ultrasonic transducer.
4) The experimental results validate the effectiveness of the proposed method. It shows that the proposed method can accurately match both the resonant frequency and impedance of RUH with the ultrasonic transducer. When driven by the resonant frequency, the output voltage of RUH can be optimized to obtain a faster response and a greater value. The impedance monitoring performance is also improved.
